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Text S1. Optical circuit model.
Optical circuit theory provides a useful theoretical framework (48) in understanding and engineering of complex nanoantenna structures (27) . Complex nanoantenna topologies can be quantitively analyzed as nanocircuits consisting of circuit elements with optical "lumped impedance", analogous to conventional electronics such as inductors, capacitors, and resistors.
By solving Maxwell's equations and calculating the electric displacement currents using Kirchhoff's current law, the optical impedance of an electro-plasmonic nanoantenna can be found (48). In our analysis, we first find equivalent circuit model of pristine nanoantenna, and then incorporate electrochromic PEDOT load to it. We define the metallic (Au) nanoparticle as a serially connected inductor and resistor ( fig. S3A ). Here, the inductor represents the negative permittivity of the metal, while the resistor incorporates ohmic and radiation losses (48). The medium and glass substrate around the metallic nanoparticle are included as a parallel shunt nanocapacitor. The combined (effective) optical impedance of the nanoantenna is defined as S3B ), the inductance L Antenna  14fH , capacitance C Antenna  8 aF , and resistance R Antenna  3  , values are obtained through a retrieval method described in an earlier work (21, 49) . Based on this circuit parameters, the intrinsic resistance An external electric field impinged on a noble metal can repel (attract) the free electrons and create a very narrow strip of depletion (excess charge) region at the metal-dielectric boundary.
This free carrier modulated zone, extent of which is determined by the Thomas-Fermi screening length, controls the effective dielectric permittivity of the localized surface plasmons (LSP).
Using a quasi-static model, we can find an analytical relation for the plasmon frequency modulation as a result of this external electric-field. Induced charges on the gold surface should screen the external electric-field
where E is the external electric-field acting on the plasmonic voltage probe. The corresponding modulation in electron density N Au is
where d TF Au is the Thomas-Fermi screening length in gold. The plasma frequency of gold surface
will alter as a result of electron density change. A linear relationship in between charge density variation and plasma frequency modulation can be established
Dielectric function of gold is described by the Drude's model
where   is the relative permittivity at the high-frequency limit and  is the damping coefficient. Within the quasi-static model, polarizability of a pristine nanoantenna is given by
where L is a geometrical factor (50), and  D is the real part of surrounding medium dielectric constant. Resonance occurs when the polarizability is maximum
Combining equation (5) with this resonance condition
resonance frequency (  LSP ) of the plasmonic nanoantenna can be found as
Resonance frequency modulation (  LSP ) due to the changes in plasma frequency of the gold surface is given as
Combining equations (1-2), (4) and (9), resonance wavelength shift     2 2 c    can be expressed as
In agreement with experimental measurements (Fig. 3A) , a linear relationship between resonance wavelength shift and electric-field strength is obtained for the pristine nanoantenna. Negative sign highlights the blue shift of the scattering spectrum as a result of stiffening of the resonant free electron spring (plasma frequency of the metal).
Text S3. Electro-plasmonic nanoantenna response to electric field.
Resonance frequency modulation of the electro-plasmonic nanoantenna is due to the variations in the dielectric constant (  D   PEDOT ) of the electrochromic load with external field. The electricfield controlled dielectric permittivity of the electrochromic load couples the low-frequency local electric field dynamics (< 1 kHz) to high-frequency (few hundred THz) electromagnetic resonances. Following equation (8), this modulation can be written as
Here, we assume that the PEDOT:PSS layer is conformal and thick enough to completely enclose the plasmonic enhanced near-field regions around the metallic nanoantenna.
Accordingly, resonance wavelength shift     2 2 c    is given as
Here, the electrochromic modulation can be described using frequency-dependent permittivity of the electrochromic load, which follows the Drude model (51, 52)
where  p,PEDOT is the bulk plasma frequency,  ,PEDOT is the relative permittivity at the high-
is modulated as result of the varying plasma frequency
A similar analysis used above for the gold surface (Eqs.
(1)-(3)) leads to a linear relationship between the plasma frequency modulation and the charge density variation for the PEDOT:PSS load
where  0 ed TF PEDOT   E is the induced charge density N PEDOT . Combining equations (12) and (15)-(16) resonance wavelength shift for the electro-plasmonic nanoantenna is given as
In agreement with experimental measurements performed (Fig. 3A) , our model demonstrates a linear relationship between resonance wavelength shift and the strength of the impinging external electric-field. In addition, our quasi-static model explains the experimentally observed reversal of wavelength shift in response to electric field for the pristine and electro-plasmonic nanoantennas as in equations (10) and (17).
Text S4. Sensitivity enhancement with electrochromic loading.
Spectral shifting of nanoantenna resonance with  leads to a differential scattering signal 18) where S 0  1 T 0 is the scattered signal, S   T     is the change in scattered light intensity, T 0 is the transmitted signal, and T  is the derivative of the transmission spectrum.
For both pristine and electro-plasmonic nanoantennas, the impact of electric-field on the transmission spectrum can be described as a uniform shifting of the spectral resonance profile.
Furthermore, as our FDTD analysis shows (Fig. 1F) , T  of the plasmonic resonance profile is nearly identical for pristine and electro-plasmonic nanoantennas. Combining equations (10), (17) and (18), the enhancement of the differential scattering signal with electrochromic loading can be written as
Here, the enhancement factor is independent from the external electric-field strength following equations (10) and (19), Thomas-Fermi screening length is defined as d TF  1 2 a 0 3 N   1 6 , where a o  5.29  10 11 m Bohr radius and N is the electron density of the conducting medium under consideration. Hence, improvement in differential signal sensitivity to the electric-field strength is defined as
The enhancement factor is dominated by the ratios of gold ( 10 23 cm 3 ) (15) and PEDOT:PSS electron densities ( 5.310 18 cm 3 ) (34)
The calculated enhancement factor with electrochromic loading is in strong agreement with the
.25  10 3 in our experiments (Fig. 3A) .
Text S5. SSNRs obtained using a single electro-plasmonic nanoantenna.
The signal-to-shot-noise ratio (SSNR) is defined as the ratio of the signal change, S , and the baseline shot noise, S 0 N ph SSNR  S S 0 N ph (22) where N ph is the number of photons, c is the speed of light, h is Planck's constant, and  is the wavelength. Assuming isotropic scattering from electro-plasmonic antenna, the detected signal S 0  N ph (photon-count) can be expressed as
where P sca is the scattered light power,  collection is the solid angle fraction of the total scattered light collected by the microscope objective, T is the transmittance of the objective lens at the scattering wavelength, QE is the quantum efficiency of the photodetector at the scattering wavelength, and t int is the integration time.  collection , the solid angle fraction of the total scattered light collected by the microscope objective, is given by (53) 24) where NA is the numerical aperture of the objective, and n coup is the refractive index of the objective lens coupling medium. The scattered power is 25) where I inc is the incident light intensity, Q sca is the scattering efficiency (calculated using FDTD simulations as shown in fig. S7 ), and r is the radius of the electro-plasmonic nanoantenna.
Using equation (23)- (25), the signal can be calculated
Change in detected light signal (photon-count) with applied electric-field is given by
where S S 0 E   EP is the rate of differential scattering signal change with electric-field for the electro-plasmonic voltage probe, E is the local electric-field acting on electro-plasmonic nanoantenna. Following equation (26), the signal change can be rewritten as
Combining equations. (26) and (28), the signal-to-shot-noise ratio (SSNR) is found as is the electric field and is the current density. The total heat power Q generated inside the nanoantenna is a volume integral of the heat source density 30) where V is the volume. Absorbed power obtained from FDTD simulations are used in the Heat Transport Solver to calculate to the three-dimensional temperature distribution around the plasmonic nanoantenna. The simulation region above the nanoantenna array is covered by water and the convection induced heat loss at the top surface of individual nanoantennas is modeled at the interface between water and nanoantennas. The simulation boundary was kept at room temperature (20 °C) by applying a fixed temperature thermal boundary condition at the bottom of the ITO substrate. Near-field enhanced electromagnetic field could be significantly high heat source densities. However, due to small volume of our electro-plasmonic probes and low light intensities used in our experiments, a limited temperature increase is observed in our analysis.
For an incident beam width of 1.13 mm covering approximately 4-million nanoantennas, the maximum temperature rise with respect to room temperature is about 3 °C, as shown in fig. S10 . Fig. S5 . Impedance spectroscopy of PEDOT:PSS on gold. Nyquist plot for (Au) electrode-PEDOT: PSS system. We have applied an ac voltage E ac =10 mV (rms), and dc voltage E dc =200 mV versus Ag/AgCl (frequency range = 1 Hz -10 kHz). PEDOT: PSS thickness is 10 nm and area is 49 mm 2 . 
